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Abstract: A comprehensive research on the flat rolling deformation characterization of microwire has
been conducted systematically through finite element simulation and testified by the results from
the experimental analysis. The obtained results are compared in terms of lateral spread, geometrical
characteristic, contact area width and surface roughness considering the effects of pass reduction
and initial wire diameter. The size effect has been identified and surface layer modeling has been set
up based on surface grain share and grain size distribution. The numerical method combined with
varied flow stress has been verified by experimental value with a maximum difference of 3.7% for
the 1.5 mm wire. With the increase of the height reduction, the curvature radius is decreased while
the lateral spread and contact area width are increased. Surface roughness evolution in the range of
0.52–0.85 µm for the rolled wire has also been investigated.
Keywords: size effects; deformation characterization; micro-rolling; wire
1. Introduction
During cold rolling, microwire with a circular cross-section is flat-rolled at room temperature
through two rolls to gain the required ratio of thickness-to-width under one or several passes with
a specific cross-section due to the barreling effect. The flattened wire products are widely used in
medical catheters, electric parts, springs, guide rails and piston rings [1,2] where this side-barrel type
cross-section cannot be produced by normal strips or plates through flat rolling. More complex profiles
can be manufactured by adding subsequent profile rolling steps. The edge rounding and lateral
spreading are two key factors that are related to the rolled wire quality.
Inhomogeneous deformation occurs during the wire flattening rolling deformation process
under different height reduction, which influences the contact stress distribution and the deformation
force. The methods and techniques applied in the macro-domain cannot be used directly in the
micro-domain [3], the size effect due to downscaling should be considered in the micro-forming
process [4]. The shear band idea has been used to calculate the contact area width, and the lateral
spread and the rolling load can be predicated by slab analysis [5], where the investigation on the
effects of height reduction on the effective strain field during flat wire rolling had been conducted
and the evolution of the shear bands was predicted as well. The different contact pressure patterns
were investigated and confirmed by 3D numerical analysis [6]. The relationship between contact
stress distributions and the deformation homogeneity has been identified in flat wire rolling [7–9].
The authors of [10] reported an experimental investigation on the deformation behavior where the
influences of the rolling parameter were discussed, and the quantitative relationship of contact area
width with rolling reduction was established [11]. The influencing parameters on the spread, residual
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stresses, loads, and pressure distribution have been reported in references [12–15]. The mechanical
anisotropy has played an important role in the geometry evolution of steel wire rolling [13]. Grain
size has long been known in influencing the material properties during the forming process, such as
surface quality, material flow and yield stress [16–21]. The size effects in the simulation and experiment
have been reported in references [22,23]. Although the research mentioned above, the real physical
mechanism of size effect is still unclear in the micro-flat-rolling of wires.
In this study, the effects of wire height reduction on the contact area width between the rolls
and wire will be investigated and their influence on rolled product characteristics and quality will
also be identified. The study will conduct experimentally and numerically on the impact of height
reduction on the lateral spread variations during the rolling process. In order to investigate the size
effect, flat wire experimental rolling with different wire diameters will be carried out and compared
with the finite element (FE) simulation results and this comparison will evaluate their simulation
accuracy. The research findings obtained discover the effects of rolling process parameters and further
analysis of deformation mechanism during flat microwire rolling will, therefore, provide a parameter
optimization method for micro-forming process design.
2. Experimental and Simulation
2.1. Micro-Rolling Mill and Materials Used
The micro-flat-rolling mill system and two-high rolling mill are shown in Figure 1. The rolling
mill system includes a roll set, power transmission, a measurement system and a control panel.
The two-high roll set consists of two work rolls with 27 mm in diameter and 29.5 mm in barrel length
which are made by two different materials: an ultra-strength alloy of cemented carbide (Young’s
Modulus: 580 GPa) and tool steel SKD 11 (Young’s Modulus: 210 GPa), respectively. This kind of work
roll with cemented carbide significantly enhances the rolling mill’s rigidity and decreases the deflection
of the rolls. Turning the screw through the knob to adjust the roll gap and then wire products with
the desired thickness can be obtained through the rolling process. By adjusting the electric voltage
frequency, various rolling speeds could be applied to investigate the effect of rolling speeds on the
micro-rolling process. The rolling capacity of this designed rolling mill is featured with a rolling load
of 40 kN. The pure copper wire is used as initially rolled materials, and their chemical composition is
shown in Table 1. Two different work rolls are applied and copper wire has three different diameters of
0.8 mm, 1.0 mm and 1.5 mm, respectively.
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Figure 2 illustrat s the sketch drawing of the d form d wire. It c be seen that the spread is a
significant feature in micro-flat-rolling. The main parameters of contact area and spread are included.
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Figure 2. Schematic of the deformed wire (from above).
2.2. Numerical Simulation
In this study, the explicit dynamic finite element software, LS-DYNA R8 (LSTC), is applied to
analyze the deformation behavior of the flat microwire rolling process, where the element type solid164
with a three-dimensional 8 node solid element has been used for the rolling simulation. The simulation
parameters of the roll and rolled material used in the finite element analysis are the same as the values
in the real rolling experiment.
During the simulation of the rolling process, a fixed angular speed is applied on the roll for roll
rotation. We can assume the copper wire moves along the rolling direction at a certain speed. When
the copper wire moves forward into the bite zone, the friction force between rolls and rolled wire
will take effect. The rolling process will go ahead. A coefficient of friction (COF) of 0.18 is applied
in rolling simulation after experimental tests. Considering the effect of elastic deformation of work
roll, the work roll is considered a linear-elastic material. The rolled copper wire is assumed to be
isotropic elastoplastic. Figure 3 shows a simulation model of wire flat rolling on a two-high rolling mill.
Figure 3a is the roll meshing in the flat micro-rolling of wire. Figure 3b,c are the cross-section before
and after rolling, respectively. In the simulation, the forming resistance, the rolling spread, contact
width and rolled wire surface quality are evaluated.
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Figure 4. Schemat c illustration of cylindrical specimens.
A digital spiral micrometer is used to measure accurately the testing sample geometries. In order
to minimize the influence of friction at the interface of tools and samples, the sample cross-sections are
rubbed by fine sandpaper [17]. The side surface of these samples was polished using chamois before
experimental testing in order to remove any macro-surface defects. Stripping off the disturbance of
the initial surface asperity of the specimen is necessary when investigating the variation of specimen
side surface during compression deformation. The speci en is annealed under different holding
times to obtain various grain sizes. The annealing process of copper wire has been listed in Table 2.
The strain–stress curves for various grain sized copper wire are shown in Figure 5 during the
micro-co pression test. It can be seen that the stress increases with decreased grain size under
different strains.
Table 2. Annealing process of copper wire for different holding time under 700 ◦C.
Annealing 1 2 3 4 5
Holding time, min 10 20 30 90 120
Grain size, µm 32 42 82 160 240
Metals 2020, 10, 405 5 of 12
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i that there is an elastoplastic behavior involving is tropic deformation hardening,
the deformed material was modeled, using the J2 plasticity model which is independent f
i rate. A Young modulus E = 120 GPa and a Poisson ratio of 0.355 were used t model
the elastic deformati zon . The linear hardening l w is applied for the plastic def rmation zo e
during simulation,
σ = 183.4 + 1.605εn (1)
where σ and ε are the equivalent plastic stress and strain, respectively; n is the strain hardening
exponent. The values of 183.4 and 1.605 are initial equivalent stress and strength index, respectively,
which can be obtained by experiments.
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3. Results and Discussion
3.1. Theoretical Analysis
In the flat rolling process of wire, the existence of friction between the wire and rolls will cause
the formation of two dead metal zones, resulting in the macroscopic shear bands, which are observed
in metallographic cross-section of wire. Their morphology after the pass reduction in height of the
wire as shown in Figure 7a–c (initial wire, the first pass and the second pass, respectively). It can be
seen that the shear bands are in the form of X as shown in these figures, which may be considered as
the slip line in flat rolling of wire.
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contact a ea width between the wire and rolls can be forme below:
b =
√
∆h(2ha − ∆h) (2)
∆h = ha − h1 (3)
where ∆h is the thickness reduction, ha and h1 are the initial diameter and the thickness after flat rolling,
respectively. From Equation (2), the wire contact area width is in the proportional relationship with the
square root of height reduction.
The wire lateral spread is another important parameter in the deformation process, which can be
obtained by the following equation [13,14]:
b1
h0
= ma1a2a3a4
(
ha
h1
)p
(4)
where p is a function of the roll diameter and ratio of the initial width to the height of
wire. m, a1, a2, a3 and a4 are correction factors, which are related to the grain size, material composition,
roll material, rolling speed and rolling temperature, respectively, and the values of these parameters
can be obtained by experiments.
3.2. Microstructure Evolution and Surface Layer Modeling
Figures 8 and 9 illustrate the microstructure evolution before and after micro-flat-wire rolling.
The initial diameter of the rolled wire is 1 mm. From these figures, it is noted that there is a remarkable
interface between the microstructures of the inner layer and the outer layer. The ratio of the surface
layer in the initial wire is 25%. The ratio of the surface layer is 33.33% and 19.23%, respectively, in the
normal direction and transverse direction after a reduction of 45%, while the outer layer thickness of
the transverse direction is higher than that of the normal direction. This indicates that the outer layer
of the free side surface of rolled samples remains the same before and after rolling.
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stress can be used to establish a better correlation between the experimental results and numerical 
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According to surface layer theory [17], the flow stress of polycrystalline aggregate can be 
obtained through the composite model:  
ߪ௦ = ሺ1 − fሻߪ௜ + ݂ߪ௕ (5) 
where σୱ is the polycrystalline aggregate flow stress. ݂ is the grain boundary volume fraction. ߪ௜ 
and ߪ௕ are the grain interior flow stress and boundary flow stress, respectively.  
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In order to investigate if there exists a size effect during the micro-rolling process of the 
microstrip from the microwire, a series of rolling experiments have been conducted for different 
diameter wires in which the rolling process is on the micro-scale. The term of the forming resistance 
has been introduced in this research, which is the ratio of the rolling force to the contact area between 
. i t t ll i ft r icr -rolling. l ll ire; ( ) i er layer.
s t s e f t e c e t c a ges, the ratio of s rface area t l e c es. r i s
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fl stre gt of t e aterial ecreases. t i f f t l i s, t si f
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According to surface layer theory [17], the flow stress of polycrystalline aggregate can be obtained
through the comp ite model:
σs = (1− f)σi + fσb (5)
where σs is the polycrystalline aggregate flow stress. f is the grain boundary volume fraction. σi and
σb are the grain interior flow stress and boundary flow stress, respectively.
3.3. Rolling Parameter Analysis
. .1. Forming Resistance
In order to investigate if there exists a size effect during the micro-rolling process of the microstrip
from the microwire, a series of rolling experiments have been conducted for different diameter wires in
which the rolling process is on the micro-scale. The term of the forming resistance has been introduced
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in this research, which is the ratio of the rolling force to the contact area between the roll and the
rolled wire. The forming resistance during the deformation process is compared between numerical
simulation and experiments.
In this study, in order to investigate the size effect of micro-flat-wire rolling, the experimental
results have been compared with the numerical simulation ones during the rolling process. Soft
annealed pure copper rods of 15 mm length cut out from wire with diameters of 0.8, 1.0 and 1.5 mm
are rolled with a height reduction of 10%, 30% and 45%, respectively. The forming resistance of pure
copper under various reductions for different wire diameters is shown in Figure 10. It can be seen that
for the 1.5 mm wire diameter, the experimental results are in very close agreement with the numerical
simulation results with a maximum difference of 3.7% for the 1.5 mm wire, and these results are in
the macroscopic domain. The difference between the experiment and numerical simulation results
is increasing from 7.5% to 12.8% with a decrease of wire diameter from 1.0 mm to 0.8 mm. Within a
reduction range of 10% and 30%, the experimental results are of a different trend from the simulation
results. For a 45% reduction, the trend between experimental and simulation results is the same, but
the absolute values of the forming resistance are different with a difference of 11.6% for the 0.8 mm
wire. The differences between experimental and simulation results indicate that size effects influence
the experimental results.
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Figure 10. i sista ce f re c er ires nder various reductions (10%, 30% and 45 ) and
wire diameters (0.8 mm, 1.0 mm and 1.5 mm).
The different trends between the experi ental and si ulation results could be illustrated in the
following different size effects. The first one is the sample size effect, where the deformation resist nce
increases with a d crease in sample size. This kind of size effect will be investigat d based on surface
layer gr in share and grain size distribution in the following sections throu h micro-compression test
and microstructure observation. The second one is the COF size eff ct, where the COF decreases with
an increase of sample dimensions [18]. This behavior can be illustrated by the lubricant pockets model.
As we know, th wire surface is not smooth and contains many pockets. The closed pockets that are
not extended to rolled sample edges can hold som lubricant during deformati n. The ope pockets
that are extended to edges cannot old some lubricant when the rolling process is conducted. During
rolling, with the increase of rolling pressure, the surface peak asperity will be cru hed and get flatten d,
which will incr ase the friction force. In a lo er height reduction within 10–30%, the first size effect
can be applied to explain that the forming resistance increases with a increas of wire diameters.
When the height redu tion increases up to 45%, frictional size effect can be the main factor and will
result i forming a resistance to decre se with an incr ase of wire diameter .
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3.3.2. Lateral Spread and Barreling Radius
In wire rolling, there exists plastic deformation along the length direction and side direction in the
first several passes. After several passes, the deformation on the flattened sample is similar to the strip
rolling; the lateral spread will reduce and can be ignored.
The effects of wire diameter and thickness reduction on the lateral spread are illustrated in
Figure 11. The lateral spread increases with thickness reductions while decreases with wire diameters.
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of rolling speed is not significant on the con act width. The increased rolling speed will increas
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by increasing the rolling force, the coefficient of friction between the wire and rolls decrea es, causing
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rolling speed in flat wire rolling has less influence on rolling force, thus its effect on contact width
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Figure 14 shows the surface roughness of the initial wire surface and rolled wire surface. It can
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